such electrodes increase the signal by approximately 40% compared to coplanar electrodes. The use of 3D electrodes has also proven useful for dielectrophoretic applications [12] . Recently, a new fabrication scheme was demonstrated to have homogeneous electric field distribution in microchannels by integrating coplanar electrodes in the side walls of microchannels [13] . However, the fabrication of such electrodes requires multiple steps and precise alignment, which increases complexity. Such uniform electric fields can be generated by 3D metal electrodes using some other techniques including electroplating [14, 15] , micropowder injection molding [16, 17] , microsolidics [18, 19] , screen printing [20] [21] [22] and microscale electro-discharge machining [23] .
In this study, we present a simple approach for the fabrication of 3D microelectrodes. We form 3D electrodes by etching a microwire, which is placed across a microchannel, and using a flow focusing microfluidic design. Once the mold for the fabrication of the microfluidic channel is obtained, the rest of the fabrication can be performed in a standard laboratory in less than thirty minutes and does not require any clean room processes. We can form self-aligned 3D microelectrodes using standard laboratory equipment in less than thirty minutes. The spacing of the electrodes can be very well controlled using a flow focusing geometry. Large contact pads were fabricated using silver paste and aluminium foil in order to facilitate electrical connections and to minimise the issues due to contact resistance. Another benefit of this method is that the amount of wasted metal is minimised due to the subtractive nature of the process. For a single pair of electrodes, we used 2.5 cm long gold wire 25 μm in diameter. In terms of simplicity, our approach is similar to the multiphase laminar flow patterning method demonstrated by Whitesides' Group. They demonstrated the formation of thin metallic or non-metallic structures by chemical reactions occurring at the interface of fluids at the laminar flow regime [24] .
In addition to its simplicity, our method provides electrodes that have very high conductivity and that can be utilised for applications requiring high voltages and high frequencies. Bond wires of different radii can be selected depending on the required signal intensity. The same method can also be applied at the nanoscale and sub-micron size electrodes can be fabricated with the use of nanowires, which has been a rapidly advancing technology in recent years [25, 26] . Combined with the benefits of soft lithography, this technique provides a very low-cost and rapid way of generating perfectly aligned 3D electrodes in microchannels.
In this study, we have demonstrated the performance of our low-cost 3D electrodes using an impedimetric particle counting setup. The focusing of particles through the sensing region is an important requirement for impedimetric sensing for enhanced sensitivity. Hydrodynamic flow focusing is one of the most common methods to achieve the alignment of particles with the microelectrodes [27, 28] . Our 3D electrodes are especially advantageous for such purposes. Since the electrodes are already defined with a flow-focusing microfluidic channel, the use of the same channels with the same flow rate ensures the alignment of the sample stream with the sensing region of the electrodes. These self-aligned electrodes can also be very effectively used for other biological applications such as electrical cell lysis [29] [30] [31] , electrochemical detection [32] and electroporation [33] .
Materials and methods

Device fabrication
The fabrication of the electrode integrated microfluidic devices is accomplished in three steps. First, PDMS (polydimethylsiloxane) microchannels are fabricated using standard soft lithography techniques [34] . For the impedance sensing of 5-10 μm diameter particles, we fabricated channels 50 μm in height and 200 μm in width. The mold is fabricated on a 4 inch silicon substrate using SU-8 2050 photoresist. The mold fabrication is the only step of the fabrication that was performed in the cleanroom.
Secondly, the microwire to be etched is fixed onto a glass slide and covered with the microfluidic channel as summarised in figure 1. This process starts by cleaning the glass slide by successive acetone, isopropyl alcohol and deionised (DI) water washes followed by air drying. After dehydration baking at 100 °C for 5 min, two small pieces of double-sided tape are attached to the glass slide to hold the microwire in place. Then, 25 μm diameter gold microwire (Good Fellow AU005120) is stretched between the double-sided tapes and attached to the glass slide. Afterwards, the PDMS channel is bonded to the glass slide by plasma activation ( figure 1(d ) ). Care should be taken at this stage to ensure that the microchannel is perpendicularly aligned with the microwire on the glass slide. Then, the bonded device is placed on a hot plate at 100 °C for 45 min. This heating step enhances the bonding of the device and also pre-heats the device before sealing the gap along the two sides of the microwire. The 25 μm thick microwire causes the PDMS block on top of it to bulge out and to leave an air gap crossing the microchannel. After pre-heating the device at 100 °C, the device is placed on a flat insulating surface and 50 μl of PDMS solution (mixed at 10:1 ratio and degassed) is pipetted along the two edges of the electrode from both sides of the glass slide. This uncured PDMS drop advances into the gap by capillary action. We observe the progress of the PDMS solution front edge along the capillary air gap. When the PDMS reaches the midway in the air gap we place the device on the hot plate at 100 °C for an additional 15 min. This is the most critical step for the fabrication of the integrated 3D microelectrodes. The amount of PDMS drop and pre-heating temperature may vary depending on the thickness of the top PDMS layer as well as the thickness of the microwire used. We tested the bonding strength of our devices using an adjustable pressure source. For the maximum pressure of 2 bar that we can apply, we did not observe any leakage. Finally, contact pads are formed by putting silver paste (EMS 12640) on the two edges of the microwire and placing small pieces of aluminium foil over them. After air drying the silver paste for 30 min, rigid contact pads were achieved. The integrity of the microwire and the contacts are verified by electrical continuity test probing the two aluminium contacts using a multimeter.
The fabrication of the device is completed by etching the gold microwire using aqua regia solution prepared at a 3:1 v/v ratio of hydrochloric acid (HCl) and nitric acid (HNO 3 , Sigma). The etching solution is heated to 50 °C in a glass vial before being introduced to the microchannel. Then, the etching solution is introduced in the microchannel using a syringe pump for 2 min at a flow rate of 40 μl min . The portion of the electrodes overlapping with the microchannel is etched resulting in an electrode pair, as shown in figure 2. After the etching of the electrodes is completed, DI water is flushed to wash out the etching solution. As can be seen in the microscope image of the electrodes, the spacing between the electrodes is 315 μm. During the fabrication of several devices, we realised that it is difficult to control the spacing of the electrodes using this method. Although the same process parameters are used, we observed that the spacing between the electrodes varies from chip to chip. In addition, heating the etching solution generates bubbles in the solution which disturbs the continuous etching of the microwires.
In order to solve these problems, we have improved our final fabrication step using a hydrodynamic flow focusing geometry. The etching solution was focused at the centre of the channel using DI flow streams, as shown in figure 3 . Rather than heating the etchant, we heated the DI solution and the assembled device to a temperature of 90 °C. It is advised that for long etching times, it is very important to keep the device at high temperature since convection cooling decreases the etching rate of the microwire. The solutions were pumped from the two inlets using tygon tubing (Cole Parmer) and a pressure pump (Elveflow OB1). The inlet pressures for DI water and etching solution were set as 80 mbar and 90 mbar, respectively. The formation of the electrodes was monitored with an inverted microscope. Figure 4 shows the time-lapse images of the etching of the microelectrodes. It can be seen that the spacing of the electrodes can be adjusted by fine-tuning the focused stream width and the etching time. The pre-heating temperature is another parameter that affects the etching process. It was observed that keeping the etching solution at room temperature is very helpful in eliminating bubble generation. A sample video demonstrating the etching process is provided as supplementary data (stacks.iop.org/JMM/25/095019/mmedia).
After the desired electrode spacing is obtained, the chip is flushed with DI water and air dried for 12 h. It was observed that swelling of the PDMS with etchant causes the channel to partially lose its optical transparency during the etching process. The 12 h dry incubation of the finalised device helps it recover its optical transparency, which might be critical for certain applications. The scanning electron microscope (SEM) images of the etched microwires can be seen in figure 5 . The shape of the tip of the electrode is an indication of the flow profile of the etching solution in the microchannel.
Impedimetric sensing
We have demonstrated the functionality of the microfabricated electrodes through an impedimetric sensing experiment. Impedimetric sensing enables the label free detection of microparticles and biological substances. Although the resolving power of impedimetric detection is limited compared to the state-of-the-art optical flow cytometers with detection capabilities at multiple wavelengths, it is a very practical approach especially for the detection of particles from a less diverse population. Unlike optical detection techniques, electrical detection does not require any bulky or costly components. The use of a single metal wire as an electrical sensor reduces the complexity significantly. In this section, we summarise our results on the impedimetric sensing of microbeads and erythrocytes using our 3D microelectrodes.
Measurement setup
In previous studies, impedance sensing in microfluidic systems were mostly demonstrated using lock-in amplifiers and custom-made electronic circuitries [11, 35] . There are only a few studies that use off-the-shelf devices for impedimetric sensing [14, 36, 37] . However, the sensitivity achieved by these systems is limited as compared to the high-end lockin amplifier detection systems. Thanks to our 3D electrodes, we are able to detect 6 μm diameter polystyrene microbeads (Polysciences) and erythrocytes by an LCR meter without using any additional electronics. The 3D electrodes focus the electric field lines through a very narrow region, at which the sample solution is also aligned with the use of flow-focusing microchannels. Since the electrodes are generated using the same geometry and the same flow parameters, the particles are very effectively focused between the electrodes. This yielded very high sensitivity compared to the conventional coplanar electrodes that require several cleanroom fabrication steps.
We used an LCR meter (Agilent E4980A) for our impedimetric experiments. The system was controlled with a custom-developed LabView code and provided real-time results at a sampling rate of 184 Hz. The electrical connection between the LCR meter and the device was made by BNC connectors and RG59 coaxial cables. During the experiments, the microscope stage, BNC connectors and the solutions were kept grounded.
The LCR meter provides measurements of complex impedance as Z-θ values at a wide frequency range (from 20 Hz to 2 MHz) with peak-to-peak voltages of up to 15 V. It is important to determine the optimum measurement frequency and voltage that yield the highest signal-to-noise ratio. Our initial experiments demonstrated that the signal-to-noise level for the impedance measurement (|Z|) of polystyrene microbeads is the highest at a 2 MHz excitation frequency. We also observed that the signal level for microbeads is approximately 6 Ω irrespective of the operation voltage. Modifying the operation voltage changes the noise level, whereas the 6 Ω signal from the beads does not change considerably. Therefore, in order to determine the optimum operation voltage, we focused on minimising the baseline noise level which is quantified as the peak-topeak variation between the highest and the lowest reading. We performed voltage sweep experiments using 0.2 M NaCl solution without any microbeads and noted the baseline noise level for the electrode we fabricated using the hydrodynamic flow-focusing device shown in figure 4 . Figure 6 shows the noise level measured for each excitation voltage. For any set voltage value, we recorded the baseline signal for 1 min and determined the maximum peak-to-peak variation, which is shown as the baseline noise level (Ω) in figure 6 . The voltage dependence of the noise level did not show a linear dependence. Based on these results we picked 2 V pp as the excitation signal amplitude to maximise the signal-to-noise ratio.
These voltage sweep measurements demonstrated another advantage of our 3D microelectrodes. During our experiments using the 3D electrodes, we did not observe any deterioration of the electrodes over the course of the experiment, even when high voltages were applied. On the other hand, a similar measurement performed using coplanar electrodes with a 0.2 M buffer solution showed significant electrode damage. Voltages higher than 1 V pp led to the rapid deterioration of the electrodes when they were activated over a few minutes. The voltage dependency of this phenomenon is a sign of the electrochemical character of the corrosion. These results suggest that this new fabrication scheme provides durable 3D electrodes as compared to the conventional thin film metal electrodes.
Results and discussion
Microbead detection
For the impedimetric detection of microparticles, we fabricated four devices with different electrode gaps by simply Figure 6 . The maximum peak-to-peak variation of noise for a 3D electrode generated by hydrodynamic focusing tested at different excitation voltages. The noise level for each excitation voltage is determined from a 1 min recording of the signal.
changing the relative flow rates at the inlet of the microfluidic device (figure 7). We increased the electrode gap by incrementing the inlet pressure for the etching solution from 70 mbar to 95 mbar while keeping the pressure for the DI solution inlet constant at 80 mbar. Our new 3D electrode fabrication scheme eliminates the need for costly and timeconsuming mask fabrication and lithography processes.
We also fabricated coplanar electrodes as a reference sensor. The coplanar electrodes were fabricated on a glass slide using the lift-off method. After spin coating and photolithographic patterning of the positive photoresist (AZ 5214), 15 nm Cr and 50 nm Au were deposited using thermal evaporation (Vaksis). The process was completed by lift-off in acetone using an ultrasonic shaker. The fabricated electrodes are shown in figure 8 . The width and the spacing of the electrodes is 30 μm. The bonding of these electrodes with the PDMS microchannel was accomplished under microscope by plasma cleaning of both surfaces. Figure 7 shows the |Z| value that we measured at 2 MHz and 2 V pp excitation signal using a 0.2 M NaCl solution containing 6 μm diameter polystyrene beads. The results were obtained by using 25 μm diameter electrodes with electrode gaps of 20 μm, 70 μm, 150 μm and 200 μm (figures 7(a)-(d), respectively).
It can be seen that the signal level depends on the gap between the electrodes. As the gap is increased from 20 μm to 200 μm the baseline impedance increases from approximately 5 kΩ to 32 kΩ. In agreement with our previous measurements, the noise level for the 3D microwire sensors depends on the baseline impedance. The sensor with a 20 μm electrode gap yields the least noise out of these four sensors. The peaks corresponding to the microbeads passing through the sensing region can be distinguished from the noise level. During these measurements, we also monitored these sensors under a microscope and counted the beads going through the sensor. The peaks corresponding to the microbeads are numbered in figure 7 . In order to compare the performance of different electrodes we define signal-to-noise ratio (SNR) as the ratio of the average peak height (Avg. signal) to the peak-to-peak noise variation (Pk-pk noise) for the 10 s measurements shown in figure 7 . We observed that sensor 4 (with 200 μm electrode gap) has the lowest SNR of 0.76. During the 10 s measurement interval shown in figure 7(d) , although 58 beads passed through the sensor, only 15 of them gave peaks that can be distinguished from the noise. On the other hand, sensor 1 (with a 20 μm electrode gap), figure 7(a), captured 31 beads out of the 63 beads which passed through the sensor and yielded the highest SNR value as 3.1. During these measurements, we also observed that the microbead's position in the microchannel is an important parameter for changing the signal height. Microbeads travelling close to one of the electrodes, i.e. away from the focused flow centerline, gave the highest signal intensities. Another reason for the variation in signal height is the sampling frequency. Although 184 Hz is a relatively high sampling frequency for benchtop LCR meters, it is significantly lower than advanced impedance detection systems, which provide signals at a rate of kHz.
A similar measurement was performed with coplanar electrodes using the same bead solution. The results are shown in figure 8 . It can be seen that the sensitivity of the coplanar electrodes (SNR = 1.05) is similar to the 3D microwire sensor with an electrode gap of 150 μm (figure 7(c), SNR = 1.16). The coplanar sensor detected 23 microbeads out of the 61 microbeads which passed through the microchannel. This comparison demonstrated that focusing the electric field lines in a narrower region using the 3D microelectrodes yields better results in terms of the signal-to-noise ratio. The gap between the electrodes can be very easily controlled by the width of the hydrodynamically focused etching solution, as shown in the supplementary movie file (stacks.iop.org/JMM/25/095019/ mmedia).
Erythrocyte counting
After the characterisation of our 3D electrodes using microbeads, we used the electrodes with 20 μm spacing ( figure 7(a) ) for counting the erythrocytes. A blood sample was obtained from a donor with their informed consent. The venous blood was stored in a vacuum tube (1/9 volume of 3.8% sodium citrate) and utilised within 4 h after the blood had been taken. 5 μl of whole blood was diluted in 10 ml of phosphate buffered saline (PBS). The erythrocyte concentration in this solution was measured by a hemocytometer as 0.2 × 10 6 cells ml
. Then, the sample solution was introduced to the system using PBS as the focusing solution. The inlet pressures for the sample and PBS were chosen as 15 mbar and 12 mbar, respectively, which are proportional to the pressures used during the fabrication of the electrodes. This ensures perfect alignment of the sample solution through the sensing region between the 3D electrodes. These pressures yielded a total flow rate of approximately 0.5 μl min . Figure 9 shows the signal obtained from the erythrocyte containing solution. During these experiments, the device was monitored under a microscope and each peak obtained by the sensor was verified by visual observation. Out of the 25 erythrocytes passing from the sensor, 15 of them were detected. Both our measurements with microbeads and erythrocytes show that there is a variation in the signal height corresponding to each detected particle. We hypothesise that this is due to the orientation of the particles as they pass through the sensing region. The biconcave shape of the erythrocytes may yield more variation due to their differing orientation as compared to the microspheres. The inset in figure 9 shows the signal obtained from a single cell. As seen from this figure, each cell is sampled by 7 or 8 signals. Increasing the data rate would decrease the variation in the signal, but there still might be a signal variation due to the position and orientation of the particles in the sensing region.
Limitations of the 3D microwire sensor
The results in the previous section demonstrate that 3D microwire sensors can detect micrometre size particles in microchannels. However, due to the deformed shape of the upper PDMS layer, there is a section of the microchannel that goes over the sensing region formed by the microwire electrodes. This region occurs due to the thickness of the microwire. For our system, we used a 25 μm diameter microwire and a 50 μm deep microchannel. After bonding, the PDMS section that overlaps with the microwire bulges out and forms a 50 μm thick region above the sensing region. This is schematically shown in figure 10 . During our impedimetric measurements the sample stream is focused laterally with a buffer solution. However, there are still some particles that go over the sensing region, as demonstrated in figure 10(b) . This is one of the inherent limitations of our fabrication scheme. There are several approaches that can be used to eliminate this shortcoming.
One way to overcome this problem might be to have grooves on the PDMS channels. Such grooves can be easily fabricated during the master fabrication and can be defined during the photolithography step together with the microchannels. The dimensions of these grooves should be matched with the microwires so that the wires sit in a recess. This approach would require the placement of the microwire in the recess during fabrication. Also, the molds fabricated using this approach will be compatible with wires of a certain thickness.
Another way of ensuring all particles go through the sensing region might be to physically push the particles towards the bottom of the microchannel so that they travel across the electric field lines generated by the 3D microwire sensor. Such a modification can be achieved by dynamically changing the height of the channel using multilayer soft lithography [38] . However, this approach complicates the fabrication of the microfluidic device and requires several off-chip components.
Instead, we employed hydrodynamic flow-focusing to push the sample stream downwards in the channel. The cross-sectional SEM images of the air gap region and the microchannel over the microwire electrodes of our devices are shown in figure 11 . In figure 11(b) , the microwire (25 μm diameter) under the microchannel (50 μm height) is shown before the etching process. After etching the electrodes, the channel height increases to 75 μm in the sensing region and it is necessary to push down the particles by at least 50 μm. 3D hydrodynamic focusing is a very practical way of achieving this goal. The 3D focusing of solutions has been demonstrated using different mechanisms [28, [39] [40] [41] [42] . Among those examples, the method shown by Watkins et al is relatively easy to implement, since it does not require advanced manufacturing capabilities [41] . They achieved focusing of the solution in both lateral and vertical dimensions by using two inlets for the focusing fluid. After the fluid is horizontally focused another inlet is punched and the fluid stream is pushed down, as shown in figure 12(a) . We used a similar mechanism to hydrodynamically focus the sample stream strictly between the electrodes. We punched a 0.5 mm diameter inlet upstream of the sensing region. The flow rates were controlled using a pressure pump. We tested 3D fluid focusing by using yellow and blue dye solutions to focus the DI water sample vertically and horizontally, respectively.
In order to ensure that sample stream is completely focused between the electrodes the flow rate for the 3D focusing solution should be twice the value of the flow rate in the main channel. Then, the 50 μm portion of the 75 μm height channel will be occupied by the 3D focusing solution and the sample will be restricted to the bottom 25 μm of the channel, which corresponds to the height of the electrodes. We performed a hydrodynamic circuit analysis and determined the flow rates for the 2D focusing solution, sample solution and 3D focusing solution as 61 mbar, 57 mbar and 50 mbar, respectively. When these pressures were applied, we obtained the 3D focusing, as shown in figure 12(b) . When the inlet pressure for the 3D focusing solution was decreased to 45 mbar, we obtained the 2D focusing state shown in figure 12(c) . The pressure values that yield the optimum flow focusing requires some tuning and can best be achieved using a pressure controlled system. As seen in figure 12(b) , the yellow focusing stream goes over the laterally focused flow without disturbing the focused sample flow.
After improving our focusing performance we repeated the impedimetric measurement of microbead detection using the system shown in figure 12 . The results are shown in figure 13 . We used a microbead solution with the same bead concentration as our previous experiments and observed the microbeads through a microscope during the experiment. For the results shown in figure 13 , out of 48 microbeads 19 of them are detected using the electrodes with a spacing of 20 μm. Comparing the data we obtained from 3D hydrodynamic focusing ( figure 13 ) and 2D hydrodynamic focusing ( figure 7(a) ), one can see that the variation in the signal is significantly reduced. We believe this is due to the fact that the particles are pushed all the way down in the sensing region and centered very well with the 3D microwire electrodes. The signal-to-noise ratio for 3D focused particles is 3.9. However, our system still falls short from detecting all the particles due to the low sampling rate of our detection system. We performed all of our experiments at a sampling rate of 184 Hz. Focusing the sample solution from upwards using a secondary focusing solution inlet increases the flow rate of the microbeads. This decreases the residence time of each particle in the sensing domain of our electrodes and blinds the system to some of the particles. We tried to slow down the particles by decreasing the inlet pressures while keeping the flow rate ratio of the solutions the same. However, we were unable to achieve successful 3D hydrodynamic focusing at lower flow rates. Performing the same measurement using a detection system with a higher sampling rate would ensure that all the particles are detected using the 3D microwire electrodes.
Conclusion
We have reported a novel method of fabricating 3D electrodes integrated with microfluidic devices. The electrodes were fabricated by etching a microwire placed across a microchannel. The spacing between the wires was finely adjusted by focusing the etching solution in the microchannel using flow-focusing geometry. We exploited these 3D electrodes for the impedimetric detection of particles using a plug and play measurement system. The detection was improved further by focusing the sample stream in 3D between the sensing electrodes. This method provides a very low-cost and rapid way of fabricating 3D electrodes that can be utilised for a variety of applications. More importantly, after having a mold for the microfluidic channel this technique eliminates the need for repetitive cleanroom processes for the fabrication of microelectrodes and provides a new method of integrating electrodes into the standard soft lithography process. An inherent benefit of these electrodes is the fact that they are perfectly aligned with the sample stream when the same flow focusing geometry is used for fabrication and testing. By placing multiple microwires in a microchannel and tailoring the flow profile, it is possible to obtain multiple electrodes of different geometry in a single channel.
